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Monolayers (ML) of Group-6 transition-metal dichalcogenides (TMDs) are semiconducting two-dimensional
materials with direct bandgap, showing promising applications in various fields of science and technology, such
as nanoelectronics and optoelectronics. These monolayers can undergo strong elastic deformations, up to about
10%, without any bond breaking. Moreover, the electronic structure and transport properties, which define the
performance of these TMDs monolayers in nanoelectronic devices, can be strongly affected by the presence of
point defects, which are often present in the synthetic samples. Thus, it is important to understand both effects
on the electronic properties of such monolayers. In this work, we have investigated the electronic structure
and energetic properties of defective MoS2 monolayers, as subject to various strains, using density functional
theory simulations. Our results indicated that strain leads to strong modifications of the defect levels inside
the bandgap and their orbital characteristics. Strain also splits the degenerate defect levels up to an amount of
450 meV, proposing novel applications.
Copyright line will be provided by the publisher
1 Introduction Two-dimensional (2D) layered mate-
rials have gained enormous interest of different fields of
science and technology in the past decade, because of their
unique electronic, mechanical, and optical properties [1,
2,3,4,5,6], which are strongly dependent on the number
of layers. Specifically, monolayers of Group-6 transition-
metal dichalcogenides are direct-bandgap semiconductors
with potential application in field-effect transistors (FET),
spin- and valleytronics, optoelectronics, flexible and piezo-
electric devices [5,6,7,8,9,10,11,12]. Previous studies
have revealed unprecedented opportunities to tune their
electronic properties via strain [13], dielectric screening
[14], quantum confinement [15], nanostructuring [16], and
defects [17].
TMDs monolayers consist of an inner layer of tran-
sition metals sandwiched between two layers of chalco-
genide atoms, with all three layers having hexagonal sym-
metry [7,18]. A well-known member of this family, molyb-
denum disulfide (MoS2), was exfoliated for the first time
in 2010 and characterized as a direct-bandgap semicon-
ductor [19,20]. Shortly afterwards, its application in nano-
electronics was proposed and the first top-gated FET using
MoS2 was reported [21]. However, the synthetic samples
of MoS2 MLs contain some fraction of intrinsic defects,
which have been shown to substantially alter their optical,
magnetic, and especially electronic properties [17,22,23,
24]. Moreover, structural defects and impurities can be in-
troduced deliberately, e.g., at the post growth stage, by irra-
diation, ion bombardment, vacuum annealing, or chemical
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treatment [8,25,26,27,28]. These defects have advantages
and disadvantages based on the desired application. For
example, depending on the concentration of the defects,
performance of MoS2-based FETs may differ by several
orders of magnitude [21,29,30]. On the other hand, some
studies imply that the vacancy creation can extend the ap-
plication of MoS2 nanosheets [28,31,32,33,34], e.g., as
single-photon emitters, due to localized states of the iso-
lated defects [28,33]. In a recent study, molybdenum (Mo)
vacancies were generated site-selectively to write optically
active defect states in TMDs MLs [28]. The mid-gap local-
ized levels have also observed to improve the photorespon-
sivity of MoS2 MLs by trapping the photo-excited charge
carriers, leading to a growth of the photocurrent in pho-
todetectors [35,36,37]. Furthermore, intrinsic defects such
as sulfur (S) and Mo vacancies, may improve the contact
resistance and the carrier transport efficiency of devices de-
pending on the electrode’s elements [38,39,40,41,42].
Semiconducting 2D materials exhibit high resilience
towards mechanical deformations in comparison to the
conventional three-dimensional (3D) semiconductors [43,
44,45]. While, for example, silicon tends to crack under
1.5% tensile strain, MoS2 MLs can withstand about 10%
tensile strain [46,47]. This capability allows for a high
degree of flexibility [48]. However, the electronic structure
of the 2D materials, in particular TMDs ML, is very sensi-
tive to the applied strain [49]. In the case of MoS2, about
1.5% uniaxial tensile strain results in the direct-to-indirect
bandgap transition, while 10 − 15% of biaxial tensile
strain leads to the semiconductor-to-metal transition [47].
Thus, mechanical deformations offer rapid and reversible
tuning of the bandgaps in 2D TMDs of Group-6. These
strain-engineered properties lead to new potential appli-
cations for TMDs MLs, such as piezoelectricity in MoS2,
broad-spectrum solar energy funnel, and flexible transpar-
ent phototransistors [9,10,11,50,51]. It was also observed
that biaxial strain can tune the properties of photodetector
devices based on MoS2 MLs [51].
In this paper, we scrutinize the influence of compres-
sive and tensile strains on the electronic and energetic
properties of defective TMD MLs. The exploitation of
these phenomena may allow building blocks for novel ap-
plications. In the present study, we show the effect of vari-
ous strain situations on formation energies, orbital charac-
teristics, and defect levels (DLs) of intrinsic point vacan-
cies in MoS2 using density functional theory (DFT). We
find noticeable splittings of up to 450 meV for the intrinsic
DLs under strain. Furthermore, mid-gap DLs are shifted
up(down) as compressive (tensile) isotropic biaxial strains
are applied to the MLs. We also investigate the sensitiv-
ity of the formation energies to mechanical deformations.
For the defective monolayers, uniaxial and isotropic biaxial
strains modify their energetic properties more profoundly
than shear T1 strain.
The paper is organized as follows: the computational
methods are explained in section 2, the modulations of the
DLs, energetic properties, and orbital characteristics with
respect to applied strain in section 3, and, finally, our con-
clusions are given in section 4. Complementary plots and
images are provided in the supplementary information (SI).
2 Computational Details We performed DFT cal-
culations using numerical atomic orbitals (NAOs) basis
sets to construct Kohn-Sham orbitals as implemented in
the SIESTA code [52,53]. We used relativistic, norm-
conserving pseudopotentials including the correction from
core electrons, which were obtained by the Troullier-
Martin method [54,55]. This set of pseudopotentials are
self-generated by means of ”atom” tool, provided along
with the SIESTA’s source code. The input parameters are
reported in the supporting information. The exchange and
correlation interactions were described by the Perdew-
Burke-Ernzerhof (PBE) functional in the generalized gra-
dient approximation (GGA) [56]. In all the geometric
optimizations and electronic calculations, we employed a
double-zeta basis set with one polarization function (DZP)
and 4p diffusive orbitals. The Energy-Shift and the Split-
Norm were set to 0.02 Ry and 0.16, respectively. We used
an energy cut-off of 450 Ry to calculate hartree, exchange,
and correlation contribution to the total energy. A vac-
uum of 40 A˚ along the out-of-plane (c) axis was used to
make the structures effectively isolated as 2D layers. The
conjugate-gradients (CG) technique was used to optimize
the atomic positions and lattice vectors of equilibrium and
strained configurations. The lattice constants along with
the atomic positions of the unit cell were optimized until
the Hellman–Feynman forces are below 10 meV/A˚. Keep-
ing the optimized lattice parameters, the same criterion
was chosen to find the equilibrium atomic position of the
pristine and defective supercells. Applying Monkhorst-
Pack method, the Brillouin zone (BZ) was sampled with
25 × 25 × 1 and 5 × 5 × 1 k-points for the unit cell and
supercell calculations, respectively. The k-points and en-
ergy cut-off are optimized to ensure convergence of the
total energy up to 10−5 eV and 10−4 eV, respectively.
The ground state of MoS2 monolayer with defects was
shown to be non-magnetic up to more than +5% strain
[57]. Hence, spin-polarization was neglected in our calcu-
lations. Although the spin-orbit coupling (SOC) affects the
band structure of TMDs monolayers, the qualitative pic-
ture of the electronic structure of DLs is preserved [58,59,
60]. Thus, the SOC was not included in the present work.
The total energies were considered converged when the
difference between two consecutive self-consistent field
steps was less than 10−4 eV .
Figure 1 shows top and side views of a MoS2 ML used
in the present study. We used periodic boundary condi-
tions to simulate the vacancies inside MLs, thus, in or-
der to lower the defect-defect interactions in the compu-
tational model, we created supercells with sizes ranging
from 6×6×1 up to 8×8×1. Accordingly, chalcogen va-
cancies were studied in a 7×7×1 supercell representation,
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Figure 1 (Color online) Final optimized geometry of the
MoS2 monolayer: (Left) top and (Right) side views. Yel-
low and pink spheres represent S and Mo atoms, respec-
tively.
while supercells of 8×8×1 were considered to scrutinize
the transition metal vacancies and vacancy complexes. All
the geometries, charge densities, and orbital characteristics
are depicted using the VMD tool [61].
Figure 2 (Color online) Geometries of MoS2 ML with
vacancies: a) VS , b) V2S−top, c) V2S−par, d) VMo, e)
VMo+3S , f) VMo+6S . Red dashed-circles denote the posi-
tion of the defects inside the monolayers. At the vacancy
sites, sulfurs from the lower layer are highlighted with blue
solid points.
Figure 2 shows the geometries of the MoS2 ML
with various point defects: VS , V2S−top, V2S−par, VMo,
VMo+3S , and VMo+6S . These vacancies were observed
in experimental samples by means of atomic-resolution
measurements and analyzed theoretically [17,62,63,64,
65,66]. S and Mo vacancies could also be produced by
processes such as ion-irradiation and plasma exposure [25,
28,65,66]. Most of the defects kept the C3v symmetry of
the monolayer, except for the sulfur-pair vacancy in the top
atomic layer, V2S−par, as depicted in Figure 2(c). We illus-
trate the displacement map of the atoms surrounding these
point defects in Figure S1 of the supplementary informa-
tion. The displacement maps emphasized the significance
of the local strain caused by creating intrinsic vacancies.
Considering the fact that the electronic properties of 2D
materials are very sensitive to strain, selecting the largest
possible supercell size and performing atomic optimization
are in fact crucial in further studying their characterization.
We applied four different in-plane strain variations to
the defective MoS2 MLs, as shown in Figure 3. Uniax-
ial strains in X- and Y-direction as well as isotropic bi-
axial strain in the XY-plane simulated the effects of simple
mechanical deformations on the electronic structure, for-
mation energies, and orbital characteristics of these MLs.
We also considered an inhomogeneous shear type (T1),
which only changed the angle between the in-plane lat-
tice vectors, while keeping their magnitude constant. It has
been reported that the electronic structure of pristine TMD
MLs can be tuned in a controlled manner via strain [47,
49,67]. We considered a wide range of strain values from
3.0% compression up to 5% tension, which were below
the breaking point of the MoS2 ML estimated from exper-
iments [43].
Figure 3 (Color online) Schematic representation of the
strain options used in the present work: a) X- and b) Y-
direction uniaxial strain, c) XY-plane biaxial strain, and d)
a shear type (T1) deformation.
In order to understand how the stability of these vacan-
cies change under various types of deformations, we calcu-
lated their formation energies, Ef , for all equilibrated and
strained structures, as following:
Ef,α = Ed,α − Ep,α + nµS +mµMo, (1)
where Ef,α, Ed,α, and Ep,α are the formation energy, the
total energy of a defective structure and the corresponding
pristine ML at strain α, respectively. If α = 0, this equa-
tion gives the formation energies for unstrained structures.
Here, n and m variables indicate the number of vacancy
atoms. The chemical potential of S and Mo atoms are de-
noted with µS and µMo, respectively. In this study, we as-
sumed that the chemical potentials of Mo and S are in a
thermal equilibrium with MoS2, meaning:
µMoS2 = µMo + 2µS . (2)
In our calculations, we considered the Mo-rich limit and
the body-centered-cubic structure of metal atoms at 0 K
temperature as a reference. While it has been reported that
intrinsic defects in MoS2 ML may have charge states, it
was shown that the neutral defect states are the most stable
over a wide range of Fermi-level positions [62]. Therefore,
we focus on the neutral defects in this paper.
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3 Results and Discussion For the fully optimized
unit cell of MoS2 ML, we obtained the in-plane (xy-plane)
lattice constant of 3.176 A˚. The Mo–S bond-lengths and
the S–Mo–S angles are equal to 2.427 A˚ and 81.9◦, re-
spectively. The computed lattice parameters are in good
agreement with experimental measurements and other the-
oretical results [18,19,20]. Our calculated direct bandgap
for this geometry is 1.73 eV at the K point, which is in ac-
cordance with other GGA-based results [18]. It should be
emphasized, that the true quasi-particle bandgap is about
2.4 to 2.9 eV [18,68,69]. Our results differ due to the well-
known underestimation of the bandgap in GGA. We have
also used the same pseudopotentials to calculate the band
structure for bulk MoS2, which gives an indirect bandgap
between the Γ -point in the valance band and the Q-point
(between Γ and K) in the CBM, in agreement with earlier
studies [18,62]. Further analyzing the presented method in
this paper, we have realized a direct-to-indirect band gap
transition for the pristine MoS2 ML at 1.5% uniaxial ten-
sile strain in X- and Y-direction, agreeing very well with
previous reports [47,49]. Previously, a detailed description
of the orbital characteristics of the bands has been obtained
by means of a 11-band tight-binding model Hamiltonian
[70]. All occupied and unoccupied bands around the Fermi
level consist of hybridized Mo-4d and S-3p orbitals, as il-
lustrated in Figure 4. Here, we display the band structure
along with the partial density of states (PDOS) of a unit
cell of the MoS2 ML. The main contributions to the band
edges come from the dz2 , dx2−y2 , dxy , px, and py orbitals
which agree very well with previous studies [70,71].
Figure 4 (Color online) The calculated band structure of
the MoS2 ML in a unit cell representation. The energies
were shifted with respect to the Fermi level, which was set
in zero. Partial density of states show the contribution of
Mo and S orbitals to the bands and the total DOS.
3.1 Influence of strain on the formation energy
The calculated formation energies of defective MoS2 MLs
are shown in Figure 5. In line with previous studies, we
find that the most probable defect in MoS2 MLs is a sin-
gle S vacancy,VS [62,63,71,72]. The formation energies of
V2S−top and V2S−par are very close to each other. The case
of the vacancy complex VMo+3S is more likely to happen
than a single Mo vacancy, VMo, due to the coordination of
the metal atoms and the fact that they are sandwiched be-
tween two S-atom layers. Hence, when creating Mo vacan-
cies for single-photon emitters at selective sites [28], care
has to be taken not to generate vacancy complexes. The en-
ergy required to form a molybdenum vacancy with its six
neighboring sulfur atoms, VMo+6S , is the highest among
all the suggested types of defect. The change in the forma-
tion energies due to the spin-orbit effect should be small,
since the qualitative picture of occupied and unoccupied
DLs in the band structure are unaffected by the SOC [58,
59,60].
Figure 5 (Color online) Calculated formation energies of
different sulfur- and molybdenum-based vacancies.
Figure 6 shows the formation energies of the six stud-
ied vacancies as function of four different mechanical de-
formations applied to the defective MoS2 MLs. In earlier
reports, the case of VS vacancy in MoS2 ML under uniax-
ial and biaxial strain was considered [13,73], correspond-
ing to pluses, crosses, and triangles in Figure 6(a). While
our results agree very well with these works, we study sev-
eral other sulfur based vacancy complexes and strain situ-
ations in Figure 6(a)–(f). In all the compressive strain sit-
uations, formation energies of the six vacancies are low-
ered. Moreover, the uniaxial and biaxial tensile strains in-
crease the formation energy for VS , V2S−top, V2S−par, and
VMo+6S defects, while a reduction is observed for VMo
and VMo+3S . This behavior stems from the fact that the
latter two vacancies are surrounded by 3p orbitals of the
neighboring S atoms in comparison with the other defects
with 4d orbitals of Mo neighbors. For the case of V2S−par,
the strain in X- and Y-direction do not cause identical en-
ergy shifts, due to the brokenC3v symmetry. The geometry
modifications also lead to a similar behavior for a Mo va-
cancy under±1.5% of uniaxial strains. Applying the shear
T1 tensile deformations, the formation energies of VMo
and VMo+3S are reduced as DLs are constructed of 3p or-
bitals of the neighboring sulfur atoms. For the case of other
vacancies, since some of the orbitals composing the DLs
are mixing under the shear T1 tensile strain, the formation
energies are decreased.
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Figure 6 (Color online) The evolution of the formation energy as function of four different deformations applied to a)
VS , b) V2S−top, c) V2S−par, d) VMo, e) VMo+3S , and f) VMo+6S models of defective MoS2. Symbols +, ×, 4, and  
correspond to the strain in X-, Y-, XY-direction, and shear T1, respectively.
3.2 Influence of strain on defect levels
Sulfur Vacancies The electronic band structure of
the MoS2 ML containing sulfur vacancies is shown in
Figure 7, revealing the position of several localized DLs
(green lines). Flat bands are obtained as the defect-defect
interactions are negligible in 7×7×1 supercells, in con-
trast to previous studies in which defect levels showed
dispersion [22,59,74,75]. As shown in Figure 7(a), sulfur
vacancy of the VS type introduces a localized band near
the valence band maximum (VBM) and a double degen-
erate empty mid-gap state. A sulfur divacancy, V2S−top,
introduces the same localized levels together with another
double-degenerate state around the conduction band mini-
mum (CBM), as depicted in Figure 7(b). Figure 7(c) shows
that in the case of a S-pair vacancy on the top atomic
layer, V2S−par, five non-degenerate localized levels occur,
one occupied and four unoccupied. The 4d orbitals of Mo
neighbors close to the vacancy form the DLs which are
in very good agreement with previous reports for the un-
strained ML [22,27,71].
Figure 7 (Color online) The calculated band structure of
the MoS2 ML with a) VS , b) V2S−top, c) V2S−par defects,
along the high symmetry lines in the BZ. The energies were
shifted with respect to the Fermi level, which was set in
zero. Green lines indicate the localized DLs.
To study the effect of strain on the electronic properties
of defective MoS2 MLs, we have investigated the change
in the positions of the DLs and their orbital composition
for all studied strain situations. Figure 8 and 9 show the re-
sults obtained for the V2S−top and V2S−par defects, respec-
tively. In addition, the corresponding results obtained for a
single sulfur vacancy, VS , are shown in Figure S2 and S3
in the SI. Green dashed-lines and black lines indicate the
position of the Fermi energy and band edges, respectively.
The occupied DLs in all the defective structures are shifted
significantly less than the unoccupied DLs under any of the
applied strain situations.
In the relaxed MoS2 ML with V2S−top, based on anal-
ysis of the orbital characteristics, DL2, DL3, DL4, and
DL5 levels are mostly composed of dxy , dx2−y2 , dxz , and
dyz orbitals of the neighboring Mo atoms, respectively.
Since the deep defect levels, DL2 and DL3, exhibit the
most pronounced shifts, we show the superimposition of
the orbital character involved in those bands, by the symbol
sizes, in analogy to fatbands, at integer strains. Fatbands
are projections of orbitals onto the corresponding band
eigenvalues. These are not depicted for the case of biax-
ial strain under which the degeneracy is maintained. Illus-
trated in Figure 8(a) and (b), for strain in X(Y)-direction,
the DL2(DL3) level is strongly tuned so that they are anti-
crossing. This opposite shift of degenerate DLs is the con-
sequence of the relative direction of each uniaxial strain
to the nodal planes of the orbitals involved in the bands.
Shown in Figure 8(c), since biaxial isotropic strain does
not break the C3v symmetry, the degeneracy remains in-
tact, but the bands are shifted up(down) by compressive
(tensile) strains. The hexagonal symmetry is removed via
uniaxial and shear T1 strains which leads to breaking of the
degeneracy of both the deep levels and the states around the
CBM. Although the orbital composition can be uniquely
identified for the relaxed MLs, shear T1 strain increases
mixing of the orbital contributions from Mo neighbors into
the DLs resulting in additional hybridization of the orbitals
and a strong shift in the opposite directions, as shown in
Figure 8(d). While a composition of dx2−y2 and dxy makes
Copyright line will be provided by the publisher
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Figure 8 (Color online) Evolution of the DLs of the MoS2 ML with V2S−top defects under strain in a) X-direction, b)
Y-direction, c) XY-direction, and d) shear T1. The Fermi level and band edges (VBM and CBM) are indicated with green
dashed-line and black lines, respectively. The defect states, DL1–DL5, are shown with orange, red, blue, gray, and magenta
lines, respectively. dxy and dx2−y2 orbitals are plotted with red squares and blue circles, respectively, only for DL2 and
DL3 bands at integer uniaxial and shear T1 strains. e) The amount of degeneracy splitting of the deep DLs is plotted in the
same interval for all four strains.
Figure 9 (Color online) Evolution of the DLs of the MoS2 ML with V2S−par defects under strain in a) X-direction, b)
Y-direction, c) XY-direction, and d) shear T1. The Fermi level and band edges are indicated with green dashed-line and
black lines, respectively. Color legend as in Figure 8. dx2−y2 and dxy orbitals are plotted with red squares and blue circles,
respectively, only for DL2 and DL3 bands at integer uniaxial and shear T1 strains. e) The amount of degeneracy splitting
of the deep DLs is plotted in the same interval for all types of strains.
up the states DL2 and DL3, localized level DL4 and DL5
are a mixture of dxz and dyz orbitals. In Figure S4, the
change in the orbital components of the mid-gap DLs as
function of applied strains is demonstrated. The degener-
acy splitting of DL2 and DL3,∆E, is shown as function of
compressive and tensile strains in Figure 8(e). The splitting
reaches to almost 200 meV and 450 meV for 5% of tensile
uniaxial and shear T1 strain, respectively. As illustrated in
Figure S2, the DLs for a VS inside ML MoS2 demonstrate
similar behavior under strain. However, compare to Fig-
ure 8(e), the splitting of the deep degenerate levels of VS is
about half for the same amount of strain. In some experi-
ments, luminescence peaks are assigned to intrinsic defects
and oxygen passivation techniques are applied to identify
their type [75,76,77]. The obtained difference in the de-
generacy splitting of DLs, can be used as a noninvasive
process to distinguish, e.g. V2S−top from VS , even though
the position of their DLs inside the bandgap are very simi-
lar in the unstrained cases.
Due to the absence of the C3v symmetry in the MoS2
ML with V2S−par, no degenerate levels are present in the
band structure of the unstrained defective monolayer, as
Copyright line will be provided by the publisher
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shown in Figure 7(c). These bands are labeled DL1 to DL5
in Figure 9(a)–(d). In Figure S5, we show the principal or-
bitals constituting these DLs of relaxed and strained de-
fective ML. Two defect states closer to the Fermi level,
DL2 and DL3, mostly consist of dx2−y2 and dxy orbitals
of neighboring Mo atoms, respectively. As the change in
these DLs are the highest, their orbital characteristics are
highlighted in Figure 9 via symbols whose sizes are ob-
tained following fatbands analysis at integer uniaxial and
shear T1 strains. Moreover, main orbitals in DL4 (DL5)
are dxy and dz2 (dx2−y2 and dxz). The uniaxial strain
in X-direction (Y-direction) tunes DL3 (DL2) much more
than DL2 (DL3) in such a way that bands anticross each
other at around +1% (−1.5%) strain. This tendency is re-
lated to the directional influence of uniaxial strains on the
nodal planes of the orbitals corresponding to these local-
ized states. As it shows in Figure 9(c), the isotropic biaxial
compressive and tensile strains move the deep DLs relative
to each other as the overlap between their orbitals varies.
Shear T1 strain combines the orbital components of DLs in
a way that a mixture of dxz and dyz (dx2−y2 and dxz) or-
bitals is added to dx2−y2 (dxy) orbital to make DL2 (DL3)
state, as shown in Figure 9(d). Accordingly, the orbitals
are further hybridized and bands are shifted in the opposite
direction. The orbital characteristics of other two bands,
DL4 and DL5, are also mixed. Thus, they move away for
all strain values. The absolute splitting of DL2 and DL3
under four types of strain is shown in Figure 9(e). For the
case of shear T1 strain, even though the band edges are not
modified as much as the other deformations, the separation
of the localized bands is up to 290 meV for 5% of tensile
strain.
Since these defects are optically active, the degener-
acy splitting could be a way to nondestructively identify
the type of defects as well as to measure the applied strain.
This should also shift and broaden the optical spectra of de-
fective MLs at low temperature. Furthermore, due to high
resilience of MoS2 MLs to the mechanical deformations, it
is possible to use such splittings as a switch in desired de-
vices. As mid-gap states trap the charge carriers, the shift
in the DLs under deformations, in particular isotropic biax-
ial strains, results in tuning the photoresponsivity and other
characteristics of photoconductor devices based on MoS2
MLs.
Molybdenum Vacancy and Vacancy Complexes
The position of localized DLs (green lines), originating
from Mo vacancy and vacancy complexes inside the MoS2
ML, is shown in Figure 10. As before 8×8×1 super-
cells ensure dispersionless defect levels. There are a non-
degenerate and two double-degenerate levels in the band
structure of the MoS2 ML with a single Mo vacancy. For
the vacancy complexes such as VMo+3S and VMo+6S ,
there are an occupied localized band, two double- and a
triple-degenerate, and a single unoccupied state in the band
structure, as shown in Figure 10(b) and (c). Analyzing the
wavefunctions of the defect bands, the localized states are
mainly originated from 3p orbitals of neighboring sulfurs
with a small contribution from Mo 4d orbitals in accor-
dance with results of Refs. [22,71].
Figure 10 (Color online) Band structure of the MoS2 ML
with a) VMo, b) VMo+3S , and c) VMo+6S , along the high
symmetry lines in the BZ. The energies were shifted with
respect to the Fermi level, which was set in zero. Green
lines indicate the localized DLs.
The change in the localized defect states of the MoS2
ML with VMo as function of various types of compressive
and tensile strain are shown in Figure 11(a)–(d). The de-
fect states inside the bandgap are labeled as DL1–DL6.
The DL1 state is composed of a mixture of px and py ,
while DL2 level is mostly made of px orbitals of the six
neighboring sulfurs. For the case of DL3 and DL4, dz2
orbital of Mo is mixed with sulfur py and px, respec-
tively, to construct the states. Both DLs also containing
a small part from dx2−y2 and dxy orbitals of the neigh-
boring molybdenums. Nevertheless, summation of the d
orbitals (dz2+dxy+dx2−y2 ) contribution to the bands are
comparable to p orbitals as deduced from fatbands calcu-
lations. These are plotted for p orbitals and for the sum of
d orbitals with colored circles and black diamonds, respec-
tively, for degenerate DL2–DL5 bands at integer strains.
The non-degenerate DL5 state is mostly composed of dxy ,
dx2−y2 , px, and py orbitals of atoms surrounding the va-
cancy. The orbital characteristics of the DL2–DL5 bands
in defective structures, as well as geometry modifications
under strains are also presented in Figure S6 and S7 of the
supporting information. As shown in Figure 11(a),(b),(d),
uniaxial and shear T1 strains break the C3v symmetry and
remove the degeneracy of the DLs. The hybridization of
the orbitals are modified due to changes in the atomic bond
lengths around the vacancy position which, in turn, leads
to an abrupt shift in the localized states of DL1–DL5. This
will be discussed in detail below. Moreover, except for DL3
and DL4 bands under tensile strain in X-direction, the de-
generacy of DLs is removed by applying uniaxial and shear
T1 compressions and tensions. Shown in Figure 11(c),
isotropic biaxial strains shift the degenerate bands, but not
separate them. At zero strain, the DL6 band, mainly com-
posed of dx2−y2 and dxy orbitals, is in resonance with the
Copyright line will be provided by the publisher
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Figure 11 (Color online) Evolution of the DLs of the MoS2 Ml with VMo under strain in a) X-direction, b) Y-direction, c)
XY-direction, d) shear T1. The Fermi level and band edges are indicated with green dashed-line and black lines, respec-
tively. The defect states, DL1–DL6, are shown with orange, red, blue, gray, magenta, and brown line, respectively. At zero
strain, the DL6 is in resonance with CB. Some of the strain situations shift it down into the bandgap. At integer strains.
orbital contributions of the deep degenerate DLs are superimposed onto the bands using dark cyan(dark pink) circles for
py(px), and black diamonds for a summation of d orbitals. e) The amount of degeneracy splitting of the occupied DL1 and
DL2 (solid-line) and unoccupied DL3 and DL4 (dashed-line) levels is plotted in the same interval for all types of strain.
CB. As the charge density profile around the defect site
changes in some strain cases, the DL6 is shifted down into
the bandgap. The amount of degeneracy splitting of occu-
pied DL1 and DL2 (unoccupied DL3 and DL4) degenerate
levels are displayed with solid(dashed)-lines as function of
four types of strain in Figure 11(e). Of significance, tensile
shear T1 breaks the degeneracy of the occupied levels the
most and up to 330 meV. The effect of various strains on
the DLs of vacancy complexes, VMo+3S , and VMo+6S , are
depicted in Figure S8 and S9. Shown in this section, as lo-
calized states are shifted due to applied strains, we expect a
drastic change in the position and height of the peaks in the
optical spectra of defective MLs. Accordingly, mechanical
deformations can impact the performance of flexible opto-
electronic devices based on MoS2 MLs, e.g., single-photon
emitters.
The change in the charge density of the MoS2 ML with
VMo under strain in Y-direction is shown in Figure 12.
These are plotted at 0.25 e/A˚3. Here, the strain cases of
−2.0% and +2.5% are presented as an example in Fig-
ure 12(a) and (c), respectively. At zero strain, the hexago-
nal symmetry is visible in the density profile of the defec-
tive monolayer, displayed in Figure 12(b). As compressive
or tensile strains applied, the symmetry is broken resulting
in two sets of neighboring sulfurs reducing their distance
by up to 27.39% (29.34%) for +2.5% (−2.0%) strain and
forming a charge density overlap. The remaining set is si-
multaneously pushed away from its equilibrium position.
As a consequence, stepwise shifts of localized bands are
observed in the electronic structure of the MoS2 ML with
VMo, as shown in Figure 11. In case of a single VS , the S
atoms in the lower layer prevent a dramatic changes of the
geometry and consequently in the charge density, so that
no stepwise shifts are observed in the band structure.
Figure 12 (Color online) The change in the charge density
of the MoS2 ML with VMo under strain in Y-direction for
an amount of a) −2.0% b) 0.0%, c) +2.5%. The charge
densities are plotted at 0.25 e/A˚3.
4 Conclusion In this paper, applying first-principles
calculations, we have scrutinized the influence of four dif-
ferent compressive and tensile strains on the electronic and
energetic properties of the MoS2 ML with point defects:
VS , V2S−top, V2S−par, VMo, VMo+3S , and VMo+6S . We
have shown that applying strain is a simple yet powerful
tool to tune defect properties in MoS2 ML, e.g. changing
significantly the formation energies. As an example, strain
reduced the energy of formation for VMo and VMo+3S va-
cancies. In addition, shear T1 strains lowered the forma-
tion of all the point defects. Breaking the symmetry of the
monolayers lead to considerable degeneracy splitting of the
DLs, ranging from a few meV to more than 400 meV, de-
pending on the vacancy and type of strain. These could be
Copyright line will be provided by the publisher
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used as a noninvasive method to identify the type of defect.
Since MoS2 MLs are robust to mechanical deformations,
such splittings could be used as switches in devices. It also
allows for a measurement of strain via optical means. We
observed stepwise shifts in the localized energy levels of
the MoS2 ML with Mo vacancies under strain. These shifts
are shown to originate from the transition of the charge
overlaps between neighboring atoms. The tunability of the
photodetector devices properties via strain could stem from
the shift in the localized DLs, acting as trapping sites for
photo-excited charge carriers, under the applied deforma-
tion. Therefore, for flexible optoelectronic devices, the ef-
fect of strain on the localized DLs position needs to be con-
sidered. Due to the analogy of the properties and geome-
tries of various compounds in the TMD family, we expect
a similar response to strain from the intrinsic defects inside
their MLs. These findings should stimulate further exper-
imental investigations on strain and defect engineering of
TMDs monolayers and their potential application in self-
powered nanosystems, electromechanical sensors, photo-
voltaic and flexible devices.
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